Material and Methods
A rat NL-3 cDNA was cloned by RT-PCR from a total-brain cDNA preparation. Expression constructs were previously described for HA-tagged mouse NL-1 and -2, human NL-3, as well as the NL-1 mutants NL-1∆C (lacking most of the cytoplasmic tail) and NL-swap (a chimera in which the cholinesterase domain in NL-1 was replaced by acetylcholinesterase sequence) (S1, S2).
Neuronal culture and transfection
Hippocampal cultures were prepared from E18-E19 rats, plated on poly-D-lysine coated glass coverslips at a density of 30,000/cm 2 and maintained in neurobasal medium with B27 supplement (Invitrogen). Transfections were carried out with Lipofectamine 2000 (Invitrogen) as described previously (S3, S4) . In over-expression experiments cells were transfected at 10 DIV and analyzed 2 to 5 days later. For transfection of shRNA expression vectors, 0.2 µg of DNA was used. For rescue experiments, 0.2 µg of shRNA was co-transfected with 0.1µg of the neuroligin expression plasmids. When required, TTX (Alomone) was added at 2 µM and was replenished every 48 hours. All animal care and use was in accordance with the institutional guidelines and approved by the Institutional Animal Care and Use Committee.
Immunohistochemistry
Cells were fixed with 4% para-formaldehyde in 100 mM sodium-phosphate buffer containing 4% sucrose. Cells were permeabilized and unspecific binding sites were blocked with phosphatebuffered saline containing 10% donkey serum and 0.1% Triton X-100. Incubations with primary and secondary antibodies were carried out for 2-24 hours in the same blocking solution. For immunostaining with NL-2 antibodies cells, were fixed with methanol (-20°C) for 10 min. For NR1 and PSD-95 immunostaining, cells were sequentially fixed with 4% paraformaldehyde and methanol.
Image acquisition and quantification
Images were acquired on a Zeiss LSM510meta confocal microscope. For each experimental series, all images were acquired with identical settings for laser power, photomultiplier gain and offset with a pinhole diameter of one Airey unit. Brightest point projections of z-stacks (5-10 optical sections, 0.5-µm step size) were imported into Metamorph software (Improvision) and analyzed morphometrically. Numbers of immunostained structures were determined after images' thresholds were established. Thresholds were chosen such that all recognizable punctate structures were included into the analysis. Quantifications were carried out on sections of dendrites of at least 50 µm from at least 10 different cells. For colocalization analysis, regions were created around thresholded puncta in one channel and were overlaid as a mask on the second channel. Thresholded puncta defined by at least partially overlapping regions were considered colocalizing. Student's t tests were used to access statistical significance of pairwise comparisons between experimental and control data sets. All data analysis was carried out by an individual blinded to the experimental manipulation; quantifications from at least three independent experiments yielded similar results.
Construction of shRNA vectors and recombinant lentiviruses
Target sites for RNA interference-mediated suppression of rat neuroligins were selected according to published prediction methods to favor the incorporation of the antisense strand of the shRNA into the RISC complex (S5). For each neuroligin isoform four shRNAs were constructed [detailed vector information will be provided upon request and is available in (S6)]. Hairpin sequences used for experiments shown in this manuscript were: sh-NL1: TGGAAGGTACTGGAAATCTATTCAAGAGA TAGATTTCCAGTACCTTCCTTTTTTC; sh-NL2:TGGAGCAAGTTCAACAGCA ATTCAAGAGATTGCTGTTGAACTTGCTCCTTTT TTC; sh-NL3: TGCAGCGTTC TTGCAAGTTATTCAAGAGATAACTTGCAAGAACGCTGC TTTTTTC. As a functional control, shRNA we used a published sequence that mediates effective knockdown of p53 (S7) . Annealed synthetic oligonucleotides encoding the inverted repeats were ligated into the vector LenLox3.7 under control of the U6 promoter (S6) (plasmid generously provided by L. Van Parijs, MIT). The same vector carries EGFP under control of the CMV promoter and, therefore, marks all shRNA-expressing cells. Recombinant lentiviruses for delivery of shRNAs in biochemical experiments were generated as described previously (S6) . Briefly, HEK293T cells were co-transfected with LenLox3.7, and plasmids encoding the vesicular stomatitis virus glycoprotein VSV G, gag, and pol using the calcium phosphate method. Viruses were harvested from the culture medium 3 days after transfection and were concentrated by centrifugation. For each viral preparation, titers were estimated by infecting cultured hippocampal neurons.
Of the four shRNAs constructed for each neuroligin isoform, only one or two were functional and mediated efficient neuroligin suppression. Additional shRNAs constructed but less potent than the ones used in the analysis were: When transfected into hippocampal neurons in culture the non-functional shRNAs did not alter the density of vGlut1, VGAT puncta, or dendritic spines (data not shown). These results further confirm the specificity of the neuroligin knockdown induced phenotypes.
Electrophysiology
Whole-cell recordings were made from rat hippocampal neurons transfected at 10 DIV with a control shRNA vector or triple-transfected with the shRNA vectors targeting NL-1, NL-2, and NL-3. Five to 6 days after transfection (15-16 DIV) fluorescent pyramidal-shaped neurons with spines were chosen for recording. Cells were continuously perfused with extracellular solution consisting of, in mM concentrations, 110 NaCl, 3 KCl, 10 Hepes, 10 glucose, 2 CaCl 2 , 2 MgCl 2 , pH 7.4. Intracellular solution consisted of, in mM concentrations, 100 CsCl, 10 NaCl, 10 Hepes, 10 Cs-BAPTA, 5 Mg-ATP, pH 7.2. Recordings were made at -70 mV in the presence of 0.5 µM TTX (Alomone labs). In order to isolate mEPSCs, cells were bathed in solution with TTX and the GABA A receptor antagonist SR95531 (10 µM; Tocris). All events could be abolished upon incubation with SR95531 and the non-NMDA receptor antagonist 10 µM NBQX, indicating that events were mIPSCs and mEPSCs. Recordings were filtered at 2 kHz on an Axopatch 200B amplifier and digitized at 5 kHz using Clampex 8 (Axon Instruments).
Events were detected with MiniAnalysis software (Synaptosoft), at a threshold of 5x the RMS noise, and confirmed by visual inspection. mEPSCs recorded in SR95531 typically had decay times less than 10 ms, whereas the vast majority (85-90%) of events recorded in NBQX alone had decay times greater than 10 ms. Therefore, decay time of events recorded in TTX alone was used to separate mEPSCs (decays shorter than 10 ms) from mIPSCs (decays longer than 10 ms). The number of mEPSCs isolated in this way agreed with those recorded in the same cell in SR95531. However, it is possible that this method may underestimate the number of mIPSCs by 10-15%. For statistical analysis, the average amplitude and the frequency of events was determined for each cell over a 5-min period of recording. The sh-control and sh-NL 1,2,3 cell average amplitudes and frequencies were compared using Prism software and the Mann-Whitney U test.
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Supporting Figures   Fig. S1 . Induction of dendritic protrusions by NL-1. (A) Hippocampal neurons were transfected at 10 DIV with EGFP, HA-epitope tagged wild-type NL-1 (wt), an extracellular mutant (swap), or a C-terminally deleted mutant (∆C). The total number of dendritic protrusions larger than 2 µm was scored, shown are means of protrusion per 10µm dendritic length and standard errors (n = 10, ***P < 0.001). (B) Dendritic protrusions were classified into spines with normal heads (black columns), atypical spines with irregular heads (light gray columns), and filopodial protrusions that lack heads (dark gray columns). Protrusion types are shown as percentage of total dendritic protrusions. S3 . Induction of inhibitory terminals by expression of NL-1 mutants. Hippocampal neurons were transfected at 10 DIV with EGFP, HA-epitope tagged wild-type NL-1 (wt), an extracellular mutant (swap), or a C-terminally deleted mutant (∆C). Cells were double immunostained 3 days after transfection with antibodies for EGFP or the HA-epitope and VGAT. The density of VGAT-positive clusters per 10 µm of dendrite was determined. The graph shows means and standard errors (n = 10, *P < 0.01, ***P < 0.001).
